The dry root tuber of Stephania epigaea contained 36.5% starch, indicating a good starch source. In this study, starch was isolated from S. epigaea. Its morphology, physicochemical, and functional properties were investigated and compared with potato and maize starches. S. epigaea starch had small spherical granules with centric hila and large ellipsoidal granules with eccentric hila, and granule sizes varied from 7 to 40 μm. The starch had 33.9% amylose content and B-type crystallinity. The gelatinization onset, peak, and final temperatures were 59.4, 62.3, and 66.2°C, respectively, and were lower than those of potato and maize starches, but the enthalpy (16.3 J/g) was higher than that of potato and maize starches. The peak, hot, final, and breakdown viscosities were 2227, 1623, 2149, and 594 dPa s, respectively, and were significantly higher than those of maize starch and lower than those of potato starch. S. epigaea starch was more susceptible to amylase hydrolysis and in vitro digestion than potato starch and less than maize starch. This study would be useful for the applications of starch from S. epigaea in the food and non-food industries.
Introduction
Starch is the most abundant natural, renewable, and biodegradable polysaccharide in plants. It can be found in plant seeds, fruits, roots, or tubers. Starches from different sources are varied in their morphological, structural and functional properties. [1] [2] [3] [4] [5] [6] [7] [8] These differences result in different applications in food and non-food industries. However, most commercially available starches are isolated from cereal grains (rice, maize, and wheat) and some plant tubers and roots (potato, cassava, and yam). With the development of food and non-food industries, more and more attentions have been paid on finding new starches with different properties. [1] Stephania epigaea Lo, belonging to the family Menispermaceae, is an herbaceous liana mainly growing in Yunnan and Sichuan provinces, China. Its root tubers have been utilized as folk medicine for sedation and treating fever by local people. [9] Previous researches are mainly focused on the isolation, purification and structure identification of some small-molecule active ingredients from root tubers. [10] [11] [12] To our knowledge, there is no published data on root tuber starch from S. epigaea. In this study, the new starch was isolated from the root tubers of S. epigaea and its physicochemical properties were investigated and compared with potato and maize starches. Our objective was to characterize the morphology, physicochemical, and functional properties of starch from S. epigaea and provide some information for its utilization in food and non-food industries.
Materials and methods

Plant materials
The fresh root tubers of Stephania epigaea Lo were collected from Baidi Village, Sanba Town, Xianggelila County, Yunnan Province, China, in August, 2015, and were identified by Yu Zhang, Kunming Institute of Botany, Chinese Academy of Sciences. The tubers of potato were bought from a local natural food market (Yangzhou City, China). Normal maize starch (S4126) was purchased from Sigma-Aldrich.
Measurement of starch and soluble sugar contents
The fresh root tubers of S. epigaea were washed, peeled, and sliced into small pieces. The pieces were dried at 105°C, extensively ground, and then passed through a 100-mesh sieve to obtain the flour. The starch and soluble sugar contents in the flour were determined as described previously. [13] 
Starch isolation
The fresh root tubers of S. epigaea and tubers of potato were washed, peeled, and sliced into small pieces. The pieces were homogenized in water using a home blender, squeezed through five layers of cotton cloth, and then filtered with 100-, 200-, and 300-mesh sieves, successively. The starch precipitation was obtained through centrifuging at 5000 × g for 10 min. The dirty gel-like layer on top of the packed white starch was carefully scraped off and discarded. The starch was washed five times with distilled water and two times with anhydrous ethanol. Finally, the starch was dried at 40°C
, ground into powder, and passed through a 100-mesh sieve.
Morphology observation of starch
For light microscope observation, the starch suspension in 50% glycerol was observed with an Olympus BX53 polarized light microscope under normal and polarized light. For electron microscope observation, the starch suspension in anhydrous ethanol was applied to an aluminum stub, and the sample was dried and coated with gold before viewing with an environmental scanning electron microscope (ESEM; Philips XL-30).
Granule size analysis of starch
The size of starch granule was analyzed with a laser diffraction instrument (Mastersizer 2000, Malvern). The starch was suspended in distilled water and stirred at 2000 rpm. The obscuration in the measurement was approximately 12%.
Measurements of iodine absorption spectrum, iodine blue value, and amylose content of starch
The starch-iodine absorption spectrum was performed as described previously. [14] The λ max was the wavelength at which the absorbance was the highest, the iodine blue value was the absorbance at 680 nm, and the apparent amylose content was evaluated from absorbance at 620 nm by reference to a standard curve prepared with amylopectin from corn (Sigma-Aldrich 10120) and amylose from potato (Sigma-Aldrich A0512).
Crystalline structure analysis of starch
The dry starch powder was moistened in a desiccator, where a saturated solution of NaCl maintained a constant humidity atmosphere for 1 week at 25°C. The sample was exposed to the X-ray beam at 40 mA and 40 kV, and scanned from 3 to 40°2θ with a step size of 0.02°using an X-ray powder diffractometer (XRD; D8, Bruker).
Short-range ordered structure analysis of starch
The starch was analyzed using a Varian 7000 Fourier transform infrared (FTIR) spectrometer with a DTGS detector equipped with an attenuated total reflectance (ATR) single reflectance cell containing a germanium crystal (45°incidence-angle; PIKE Technologies). The 64 scans with a 4 cm −1 resolution were coadded before Fourier transformation. The spectrum was corrected by a baseline in the region from 1200 to 800 cm −1 before deconvolution was applied using Resolutions Pro. The assumed line shape was Lorentzian with a half-width of 19 cm −1 and a resolution enhancement factor of 1.9. The IR absorbance values at 1045, 1022, and 955 cm −1 were extracted from the deconvoluted spectrum.
Swelling power and water solubility determination of starch
The swelling power and water solubility of starch were determined by heating starch-water slurries (2%, w/v) at temperatures ranging from 50 to 95°C at 5°C intervals following the modified procedures of Lin et al. [15] according to the method of Konik-Rose et al. [16] Thermal properties analysis of starch
The thermal properties of starch were investigated with a differential scanning calorimetry (DSC; 200-F3, NETZSCH). Briefly, 3 mg of starch was precisely weighted and mixed with 9 μL of distilled water. The mixture was sealed in an aluminum pan and equilibrated for 2 h at room temperature. The sample was then heated from room temperature to 130°C at a rate of 10°C/min.
Pasting properties analysis of starch
The pasting properties of starch were evaluated with a rapid visco analyzer (RVA; RVA-3D, Newport Scientific). Briefly, 2 g of starch was dispersed in 25 mL of distilled water and subjected to gelatinization analysis. The temperature program was set as follows: holding at 50°C for 1 min, heating to 95°C at 12°C/min, maintaining at 95°C for 2.5 min, cooling to 50°C at 12°C/min, and holding at 50°C for 1.4 min.
Enzyme hydrolysis analysis of starch
Starch was hydrolyzed by porcine pancreatic α-amylase (PPA) or Aspergillus niger amyloglucosidase (AAG) alone following the previous method of Huang et al. [17] The first-order kinetics was used to investigate the hydrolysis kinetics, and the linear-least-squares fitting of decay plot was performed as described previously [18] using the first-order rate equation of:
where t is the hydrolysis time, C is the fraction of hydrolyzed starch at hydrolysis time t, and K is the hydrolysis rate constant.
In vitro digestion analysis of starch Native starch was digested in vitro by both PPA and AAG following the method of Carciofi et al. [19] with some modifications. Briefly, 10 mg of starch was digested in 2 mL of enzyme solution (20 mM sodium phosphate buffer, pH 6.0, 6.7 mM NaCl, 0.01% NaN 3 , 2.5 mM CaCl 2 , 4 U PPA [Sigma A3176], 4 U AAG [Megazyme E-AMGDF]) in a thermomixer at 37°C with continuous shaking (1000 rpm). The digestion was terminated by adding 240 μL of 0.1 M HCl and 2 mL of 50% ethanol and centrifuged (14,000 × g, 5 min). The glucose content in the supernatant was measured using the D-Glucose assay kit (Megazyme, K-GLUC), and then transformed to the digested starch. The total starch content in starch was determined using the total starch assay kit (Megazyme, K-TSTA). The rapidly digestible starch (RDS) and slowly digestible starch (SDS) was the percentage of the digested starch within 20 min and between 20 and 120 min to the total starch, respectively. The resistant starch (RS) was the percentage of the undigested starch within 120 min to the total starch.
Statistical analysis
The XRD and ATR-FTIR analyses were replicated twice, and the other experiments were replicated thrice. The mean values and standard deviation values were reported. The one-way analysis of variance (ANOVA) by Tukey's test was evaluated using the SPSS 16.0 Statistical Software Program.
Results and discussion
Starch and soluble sugar contents of root tuber
The S. epigaea dry root tuber contained 36.54% starch and 14.82% soluble sugar. This starch content was within the range reported for most tuber starches. [20] The high starch content showed that S. epigaea was a good resource for starch.
Morphology and size distribution of starch
The morphology of starch is presented in Fig. 1 . S. epigaea starch had small spherical granules with centric hila and large ellipsoidal granules with eccentric hila. The morphology was similar to that of potato starch, but significantly different from that of maize starch. Maize starch had polygonal granules with centric hila. The starches from S. epigaea, potato and maize all exhibited smooth surface with no evidence of cracks and pores. Starch granule size was analyzed via laser diffraction instrument. They all showed unimodal size distribution, and size ranged from 7 to 40 μm for S. epigaea starch, from 10 to 100 μm for potato starch, and from 6 to 30 μm for maize starch. The mean diameter of starch granules is listed in Table 1 . The granule size of S. epigaea starch was markedly smaller than that of potato starch, but larger than that of maize starch, which was in agreement with the morphology observation. The granule morphology and size have significant effects on functional properties of starch, such as thermal, pasting, and hydrolysis properties. The differences in starch morphology, hilum position, and granule size may be attributed to the biological origin, biochemistry of the amyloplast, and physiology of the plant. [21] Iodine absorption spectrum and amylose content of starch
The iodine absorption spectra of starches are presented in Fig. 2a , and their maximum absorption wavelength, iodine blue value, and apparent amylose content are summarized in Table 1 . The S. epigaea starch had 33.9% apparent amylose content, which was higher than maize starch (30.8%) and lower than potato starch (42.6%). The amylose content was within the range reported for most tuber starches. [20] Crystalline structure of starch
The crystalline structure of starch is often investigated using XRD pattern, which contains A-, B-, and C-type crystallinity. Usually, cereal starches have an A-type crystallinity, most tuber starches exhibit a B-type crystallinity, and legume and rhizome starches present a C-type crystallinity. [22] [23] [24] The XRD spectra of S. epigaea, potato, and maize starches are shown in Fig. 2b . The S. epigaea and potato starches showed characteristic peaks at 5.6°, 15°, 17°, 20°, 22°and 23°of 2θ, indicating that they had B-type crystallinity, while maize starch exhibited A-type crystallinity with strong reflection at about 15°and 23°2θ, and an unresolved doublet at 17°and 18°2θ. The A-, B-, and C-type crystallinity all has been reported in tuber and root starches. [20] 
Short-range ordered structure of starch
The ATR-FTIR spectrum of starch is sensitive to the short-range ordered structure, defined as the double-helical order, in the external region of granule. The intensity of absorbance at 1045, 1022, and 995 cm −1 is sensitive to changes in starch conformation. The bands at 1045 and 1022 cm −1 are associated with ordered/crystalline and amorphous regions in starch, respectively. The ratio of absorbance 1045/1022 cm −1 is used to quantify the ordered degree, and that of 1022/995 cm −1 can be used as a measure of the proportion of amorphous to ordered carbohydrate structure in the starch. [25] The ATR-FTIR spectra of three starches from S. epigaea, potato, and maize starches in the 1200−900 cm −1 region are shown in Fig. 2c , and the ratios of 1045/1022 and 1022/995 cm −1 of starches are shown in Table 2 . The results showed that potato and maize starches had the highest and lowest short-range ordered degree. Usually, B-type starch has higher IR ratio of 1045/1022 and lower IR ratio of 1022/995 cm −1 than A-type starch, [25] which is in agreement with the present result.
Swelling power and water solubility of starch
The swelling powers and water solubilities of starches were determined from 50 to 95°C at 5°C intervals ( Fig. 3a and 3b ). Swelling power and water solubility gradually increased with increasing temperature after 60°C for S. epigaea and potato starches and after 65°C for maize starch. The starch molecules start to integrate with water as the temperature increases, then the amylose and amylopectin are dissociated in suspension, and the solubility of starch is increased. The insoluble starch granules start to swell because of the hydration. [26] Potato starch swelled quickly from 80 to 95°C, and maize starch dissolved quickly from 80 to 95°C. During heating, the swelling power in S. epigaea starch was higher than in maize starch and lower than in potato starch. Among three starches, S. epigaea starch had intermediate water solubility between 65 to 80°C but exhibited the lowest water solubility after 90°C. The swelling power and water solubility provide measures of the magnitude of interaction between starch chains within the amorphous and crystalline domains. The extent of this interaction is influenced by amylose content, amylopectin fine structure, granule size, crystalline structure, and protein and lipid content. [27] [28] [29] [30] The difference in morphological structures of granules may also be responsible for the difference in swelling power and water solubility of starch. [31] In the present study, the different swelling powers and water solubilities of three starches during heating might result from the different morphology, granule size, molecular structure, crystallinity, and botanical source.
Thermal properties of starch
The thermal properties of three starches were determined by DSC, and their DSC thermograms and parameters are given in Fig. 3c and Table 2 . Among three starches, S. epigaea starch had the lowest gelatinization temperature and the highest enthalpy, maize starch had the highest gelatinization temperature and the lowest enthalpy. Usually, A-type starch has higher gelatinization temperature than B-type starch. [32] In the present study, the differences in thermal properties of three starches might be attributed to the differences in starch morphology and size, amylose content, crystalline structure, and the internal arrangement of starch fractions within the granule. [33] Pasting properties of starch
The pasting properties of starch dispersions are presented in Fig. 3d and Table 3 , and were significantly different among S. epigaea, potato, and maize starches. Potato and maize starch had the highest and lowest peak, hot, breakdown, final viscosity, respectively. The setback viscosity was the lowest in maize starch and the highest in S. epigaea starch. Pasting properties are influenced by the granule size, amylopectin fine structure, the rigidity of starch granules that affect the granule swelling potential, the amount of amylose leaching out in the solution, and the interactions between starch and other components present in the starch suspension during heating. [34, 35] The increase in viscosity during the heating cycle is influenced by the granular swelling and the extent of friction between swollen granules. The starches with larger granules may occupy more volume and thus enhance viscosity. The high breakdown viscosity suggests the sample has undergone a higher degree of swelling and subsequent disintegration. [35, 36] In the present study, the very high peak viscosity of potato starch might be attributed to their large granule size and high swelling power, the very high breakdown viscosity was due to susceptibility of the highly swollen granules to shear. T o : gelatinization onset temperature; T p : gelatinization peak temperature; T f : gelatinization final temperature; ΔT: gelatinization temperature range (T f -T o ); ΔH: gelatinization enthalpy. Data were means ± standard deviations, n = 3. Values in the same column with different letters were significantly different (p < 0.05).
Enzyme hydrolysis properties of starch
The hydrolysis of three starches by PPA or AAG is shown in Fig. 4a and 4c . The hydrolysis kinetics was fitted by the first-order rate equation: C = 1-e -Kt, [18] and is shown in Fig. 4b, 4d , and Table 4 . The R-values (>0.963) of the fitting to hydrolysis kinetics indicated that the hydrolysis of three starches from 0 to 480 min well followed the first-order behavior. The kinetics of enzymatic hydrolysis showed that the resistance of starch to PPA and AAG hydrolysis in S. epigaea was higher than in maize and lower than in potato. When starch granules are hydrolyzed by PPA, PPA pits the granule surface first, then penetrates into the interior and hydrolyzes the granule from the inside out. However, AAG hydrolyzes starch from the outer surface of the granule. [37] The hydrolysis of starch by PPA and AAG is influenced by starch size, amylose content, crystalline structure, short-range ordered degree. [17, 37, 38] Compared with maize starch, S. epigaea starch had large granule size, high amylose content, high short-range ordered degree, and B-type crystallinity, resulting in that it had higher resistance to PPA and AAG hydrolysis than maize starch. But compared with potato starch, S. epigaea starch had small granule size, low amylose content, and low short-range ordered degree, thus leading to that it had lower resistance to PPA and AAG hydrolysis than potato starch. 
In vitro digestion properties of starch
The in vitro digestion properties of three starches are shown in Table 4 . S. epigaea starch had higher RDS and SDS and lower RS than potato starch, but lower RDS and SDS and higher RS than maize starch. The differences in the in vitro digestibility among different starches have been attributed to the interplay of many factors such as starch source, morphology, granule size, amylose content, and crystalline structure. [38] Usually, the size and amylose content are negatively correlative with the digestion, and A-type crystallinity is more easily digested than B-type crystallinity. [17, 37] The lower short-range ordered structure in the external region of starch granule makes starch to be easily degraded. [25] In the present study, maize starch had the smallest granule size, the lowest amylose content and short-range ordered degree, and A-type crystallinity among three starches, therefore, it was digested the fastest. Though both S. epigaea and potato starches are B-type crystallinity, S. epigaea starch had significantly smaller granule size, lower amylose content and short-range ordered degree, thus leading to that it was digested faster than potato starch.
Conclusion
The new starch was isolated from root tubers of S. epigaea. The starch had small spherical granules with centric hila and large ellipsoidal granules with eccentric hila. The morphology was similar to that of potato starch, but the granule size with unimodal size distribution was significantly smaller than that of potato starch. S. epigaea starch had 33.9% amylose content and exhibited a B-type crystallinity. Compared with potato and maize starches, S. epigaea starch showed the lowest gelatinization temperature, the highest gelatinization enthalpy, and intermediate swelling power, pasting properties, enzymatic hydrolysis, and in vitro digestion rate. These different functional properties might result from the different granule size, amylose content, crystalline structure, and short-range ordered degree. This study indicated that S. epigaea starch could be used to produce the RS enriched food in the food industry.
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